Light induces the migration of arrestin to the photosensitive membrane in both vertebrate and invertebrate photoreceptors. New work has identified a phosphoinositide lipid binding domain in Drosophila arrestin and implicates PIP 3 in control of arrestin translocation.
Photoreceptors operate over an enormous range of intensities. At night they can reliably detect single photons, but in sunlight they must handle up to about 10 6 photons per second. To cope with this challenge, photoreceptors have evolved an extensive battery of adaptation mechanisms, which regulate sensitivity as a function of background intensity. Many of the more familiar mechanisms are mediated by Ca 2+ and work on a timescale of milliseconds to seconds [1] . A rather less well-appreciated class of mechanism involves the translocation of certain molecular components of the cascade in response to illumination.
Reciprocal movements of the photoreceptor Gprotein transducin and the rhodopsin-regulator arrestin were first reported in rodent retina over a decade ago [2] . Following illumination, a substantial proportion of transducin was found to rapidly move out of the rod outer segments, returning only in the dark; conversely, most arrestin was found in the rod inner segments in the dark, but it moved into the rod outer segments in the light. This seems to make functional sense, as excitation is mediated by the activation of G-proteins by photo-isomerised rhodopsin (R*) and R* is inactivated by phosphorylation and binding to arrestin (Figure 1) . Consequently, in dim light, only low levels of arrestin would be required for inactivating the small number of R* molecules, whilst high transducin levels should promote sensitivity by increasing the rate of Gprotein activation.
For many years this phenomenon received scant attention, not least because a damaging report [3] suggested that the movements of transducin were an artefact of epitope masking. In a recent resurgence of interest, however, any doubts have now been conclusively dispelled. Last year, in a technical tour de force, Arshavsky and colleagues [4] used Western blots of serial cryo-sections from rat retinae to demonstrate definitively that normal daylight intensities induce up to 90% of transducin to move out of the rod outer segments in less than 10 minutes. An alternative strategy using GFP-tagged arrestin in Xenopus rods has also unequivocally confirmed the rapid large-scale translocation of arrestin [5] .
Two new studies [6, 7] , focussing on arrestin, have now begun to explore the underlying mechanisms. Arrestin is a relatively small soluble protein which binds to rhodopsin, but only after it has been photoisomerised and phosphorylated by rhodopsin kinase. In principle, therefore, translocation might be essentially passive, as arrestin would only bind to R* in the rod outer segments in the light, and in the dark it would be free to diffuse into the rod inner segments. Mendez et al. [6] , however, were able to discount this possibility by showing that arrestin translocation was unaffected in rhodopsin kinase knock-out mice or in mice expressing a mutant rhodopsin lacking its phosphorylation sites and hence incapable of high-affinity binding to arrestin. Translocation was also intact in transducin knock-out mice, but nevertheless it still seemed to require functional rhodopsin as translocation was blocked in mutants of RPE65, which is required to generate the chromophore 11-cis retinal. The intriguing implication was that rhodopsin can initiate a signalling pathway leading to arrestin translocation independently of its classical signalling partners.
The second new study [7] , performed in the fruitfly Drosophila, might appear to be of dubious relevance, as insect photoreceptors are structurally distinct, with the photosensitive membrane -the rhabdomerecomposed of tightly packed microvilli. Insects also employ a very different phototransduction cascade, using a distinct G protein isoform (G q ) which activates phospholipase C (PLC), resulting in the gating of Ca 2+ permeable TRP channels [8] . Nevertheless, Drosophila G q and arrestin, as well as one class of light-sensitive channel have all recently been shown to migrate in response to light in a manner highly reminiscent of that seen in vertebrate rods [7, 9, 10] . By exploiting Drosophila's molecular genetic potential, Lee et al. [7] have now provided new insight into the mechanism of arrestin translocation.
The first clue was that translocation to the rhabdomeres was impaired in mutants defective in phosphoinositide synthesis, prompting Lee et al. [7] to test whether Drosophila arrestin binds to any phosphoinositides. Indeed, they found that GST-arrestin fusion proteins bound to several phosphoinositides, with the strongest affinity being found for IP 6 and PIP 3 . They went on to map the phosphoinositide-binding domain and found that arrestin's affinity for phosphoinositides could be greatly reduced in vitro by just three lysine-glutamine substitutions. Transgenic flies were then engineered in which the native arrestin was replaced by this construct, Arr 3K/Q . Although Arr 3K/Q appeared to bind to R* and quench its activity as usual, translocation in both directions was impaired, strongly implying that phosphoinositide binding is essential for normal translocation in vivo.
This was further supported by genetic manipulation of a PI 3-phosphatase (PTEN), which degrades PIP 3 to PIP 2 . In PTEN null mutants -where PIP 3 levels are presumably constitutively raised -the movement of arrestin out of the rhabdomeres was impaired, whilst in flies with excess PTEN -and presumably reduced PIP 3 levels -there was a marked defect in the translocation towards the rhabdomeres. Importantly, in all cases, defects in arrestin translocation into the rhabdomeres -whether induced by interference with arrestin's phosphoinositide-binding domain or by genetic manipulation of PIP 3 levels -were correlated with responses to light that decayed abnormally slowly. This is the first physiological correlate that can be attributed to arrestin translocation in either vertebrates or invertebrates.
As PIP 3 had not previously been known to play any role in phototransduction, these results raise many questions. Firstly, does light indeed raise PIP 3 levels as implied by the findings, and if so how? The known effect of light in Drosophila is to induce PIP 2 hydrolysis, which would remove the substrate for PIP 3 generation. But PIP 3 levels are controlled by PI 3-kinase and phosphoinositide phosphatases (Figure 1 ), which in turn may be regulated, for example by tyrosine kinases and small G-proteins, suggesting possible avenues for further investigation. Indeed, recent evidence indicates that the small G-protein Rac-1 may be regulated by rhodopsin in both Drosophila [11] and vertebrates [12] .
Secondly, what downstream pathways might link phosphoinositide binding to translocation? As yet there are few clues as to how PIP 3 binding might stimulate translocation to the rhabdomere in the light, and unless PIP 3 simply stabilises arrestin in the microvillar membrane, it seems likely that there are more components waiting to be discovered. For example, at least on a slower timescale, a molecular motor (kinesin II) has been implicated in arrestin trafficking in vertebrate rods [13] . In the opposite direction, following intense blue illumination, which photoisomerises most rhodopsin, arrestin forms stable complexes with R*, which subsequently become internalised by clathrin-mediated endocytosis in the dark [14, 15] . Lee et al. [7] found that this form of internalisation was blocked in arr 3K/Q flies. The relation of this to the translocation out of the rhabdomeres during normal dark adaptation is unclear, however, as this presumably involves arrestin that is not bound to R*.
Finally, what, if any, relevance do these findings have for vertebrates? Interestingly, although phosphoinositide involvement in arrestin translocation has not been investigated in vertebrate photoreceptors, at least some of the relevant biochemical apparatus seems to be in place. Despite the very different primary phototransduction cascade, there have been recurring, enigmatic reports of light-induced phosphoinositide metabolism in vertebrate retina [16, 17] . Of particular relevance perhaps, both PI 3-kinase and tyrosine kinase (Src) activity appear to be upregulated in light-adapted bovine retina [18, 19] , and as in Drosophila, bovine visual arrestin has been reported to bind to IP 6 [20] . The work of Mendez et al. [6] suggests that rhodopsin photo-isomerization stimulates arrestin translocation via a novel pathway and phosphoinositides seem promising candidates for further investigation. Active rhodopsin (R*) is generated by photoisomerization and immediately begins to catalyse GTP-GDP exchange on the heterotrimeric G protein, resulting in dissociation of the active α subunit. This leads to activation of phospholipase C (PLC) in Drosophila or phosphodiesterase in vertebrate rods. R* is inactivated by binding to arrestin after R* is phosphorylated by rhodopsin kinase (RK). Arrestin migrates to the cell body in the dark and returns rapidly (about 5 minutes) in the light. PIP 3 appears to promote translocation to the rhabdomere; Lee et al. [7] speculate that an alternative phosphoinositide species (PIPn?) may promote migration to the cell body. PIP 3 levels are regulated by PI 3-kinase and PI 3-phosphatase (PTEN). The signal linking R* to either of these remains to be found: candidates might include small G proteins, Gβγ or tyrosine kinases. Lee et al. [7] found that clathrin-mediated endocytosis of R*-arrestin complexes requires phosphoinositide binding, but how unbound arrestin moves to the cell body in the dark was not investigated. 
